The ability of the innate immune system to trigger an adaptive T cell response is critical to resolution of infection with the fungal pathogen Histoplasma capsulatum. However, the signaling pathways and cell types involved in the recognition of and response to this respiratory pathogen remain poorly defined. Here, we show that MyD88, an adaptor protein vital to multiple innate immune pathways, is critically required for the host response to Histoplasma. MyD88-deficient (MyD88 ؊/؊ ) mice are unable to control the fungal burden and are more sensitive to Histoplasma infection than wild-type, Dectin-1 ؊/؊ , or interleukin 1 receptor-deficient (IL-1R ؊/؊ ) mice. We found that MyD88 is necessary for the production of key early inflammatory cytokines and the subsequent recruitment of inflammatory monocytes to the lung. In both our in vitro and ex vivo analyses, MyD88 was intrinsically required in dendritic cells and alveolar macrophages for initial cytokine production. Additionally, MyD88-deficient bone marrow-derived dendritic cells fail to efficiently control fungal growth when cocultured with primed splenic T cells. Surprisingly, mice that lack MyD88 only in dendritic cells and alveolar macrophages are competent for early cytokine production and normal survival, indicating the presence of compensatory and redundant MyD88 signaling in other cell types during infection. Ultimately, global MyD88 deficiency prevents proper T cell activation and gamma interferon (IFN-␥) production, which are critical for infection resolution. Collectively, this work reveals a central role for MyD88 in coordinating the innate and adaptive immune responses to infection with this ubiquitous fungal pathogen of humans.
H
istoplasma capsulatum is the most common cause of fungal respiratory infections in immunocompetent hosts in the United States (1) (2) (3) . The organism exists in the environment in a sporulating filamentous form that is easily aerosolized and inhaled by the mammalian host. Inside the host, fungal cells convert into a pathogenic yeast form that is able to evade immune defenses by replicating within macrophages. In a healthy host, the adaptive immune response is critical for bringing the disease under control, and individuals with defects in adaptive immunity frequently fail to contain Histoplasma infections and succumb to disseminated disease (1, 4, 5) .
Successful activation of an adaptive immune response depends on the early innate events that occur during microbial infection (6) . In general, these events are initiated by resident immune cells in the lung, including alveolar macrophages and dendritic cells, which recognize and respond to invading pathogens by directly controlling pathogen growth, secreting antimicrobial products, and producing proinflammatory cytokines, ultimately leading to an adaptive T cell response (7) . During Histoplasma infection, both Th1 and Th17 responses contribute to the activation of macrophages to restrict and control fungal growth (8) (9) (10) (11) (12) . If early innate immune events fail to occur and the appropriate immune response is disrupted, infection can continue unchecked and lead to disseminated disease and mortality. In the case of infection by Histoplasma, the precise events required to initiate an appropriate innate immune response and curtail disease progression remain poorly defined.
In a healthy host, resolution of Histoplasma infection requires a Th1 CD4
ϩ T cell response (13) . Depleting either CD4 ϩ T cells or gamma interferon (IFN-␥) leads to rapid dissemination of the pathogen and host mortality (9) (10) (11) (12) (13) . Recruitment and activation of CD4 ϩ T cells is dependent on the complex cascade of events underlying the innate immune response. Multiple cytokines, including tumor necrosis factor alpha (TNF-␣), interleukin 12 (IL-12), IL-1␤, CCL2, and granulocyte-macrophage colony-stimulating factor (GM-CSF), are all produced early during infection and promote the recruitment, activation, and/or maturation of a diverse group of immune cells, including monocytes, neutrophils, and T cells (8, 10) . While it is known that neutralizing these cytokines exacerbates disease (14) (15) (16) (17) , the specific cell types and signaling pathways involved in pathogen recognition and subsequent initiation of the innate immune response to Histoplasma are still being explored. Recent work implicates the C-type lectin receptors Dectin-1 and Dectin-2 in the recognition of and response to Histoplasma (18) . Nonetheless, much remains to be understood about signaling pathways that are activated by Histoplasma during infection. Since MyD88 is a central adaptor protein in multiple immune recognition and signaling pathways, we chose to explore its role in the host immune response to Histoplasma.
MyD88 mediates both pathogen recognition through Toll-like receptors (TLRs) and cytokine signaling through the IL-1 and IL-18 receptors (IL-1R and IL-18R) (19, 20) . In many infectiousdisease models, perturbing MyD88 signaling causes defects in early immune events that lead to decreased induction of the adaptive immune response and increased host sensitivity to infection. For example, in infection models of fungal pathogens, such as Candida albicans and Aspergillus fumigatus, MyD88 deficiency causes a block in the production of proinflammatory cytokines early during infection, decreased neutrophil recruitment, and decreased T cell activation (21, 22) . Here, we demonstrate that MyD88 signaling is critical for mounting the appropriate immune response to Histoplasma. In particular, we provide direct evidence that MyD88 is necessary for both the early production of proinflammatory cytokines by alveolar macrophages and dendritic cells and the subsequent recruitment of inflammatory monocytes. Ultimately, deficiency in MyD88 severely hinders the development of an appropriate T cell response to Histoplasma infection, culminating in an increased fungal burden and host mortality.
MATERIALS AND METHODS
Strains and culture conditions. Histoplasma yeast cells were grown in Histoplasma macrophage medium (HMM) (23) . Liquid cultures were grown in an orbital shaker at 37°C with 5% CO 2 . HMM agarose plates were incubated in a humidified chamber at 37°C with 5% CO 2 . At the start of these experiments, a large stock of Histoplasma strain G217B, designated G217B-AC, was stored at Ϫ80°C in 50% glycerol; cells from this stock were used for all experiments. Cells were inoculated from frozen stock onto HMM plates 3 weeks before each experiment. One week before infection, the strain was inoculated from solid medium into liquid HMM and passaged at 1:25 every 3 days. In preparation for infection of both mice and in vitro cell cultures, mid-logarithmic-phase cultures were washed once with phosphate-buffered saline (PBS), sonicated for 3 s on setting 2 using a Fisher Scientific Sonic Dismembrator Model 100, and counted using a hemacytometer to determine the cell number.
Mice (24, 25) . All animals were bred and maintained in a specific-pathogen-free facility at the University of California, San Francisco (UCSF). All mouse experiments were performed in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the University of California, San Francisco.
Mouse infections. Eight-to 12-week-old, age-matched female mice were anesthetized with isoflurane and infected intranasally with 1.8 ϫ 10 4 yeast cells of wild-type (G217B-AC) Histoplasma strain. The mice were monitored daily for symptoms of disease (i.e., weight loss, lack of activity/response to stimulus, panting, or lack of grooming). For survival experiments, mice were sacrificed after they exhibited 3 days of sustained weight loss of Ͼ15% of their maximum weight in conjunction with one other symptom of disease. For fungal-burden experiments, lungs and spleens were harvested from mice, and the homogenate was plated on brain heart infusion (BHI) agar plates and grown for 10 days at 30°C to enumerate CFU.
Cytokine analysis. Lung and spleen homogenates from infected mice were homogenized in 1 ml PBS containing 1ϫ cOmplete Ultra protease inhibitor (Roche). The homogenate was centrifuged at 4°C, and the resulting supernatant was sterilized using a 0.2-m CoStar Spin-X centrifuge tube (Corning). For cytokine analysis of cells in culture, the supernatant was sterile filtered using AcroPrep 96-well filter plates (Pall). Mouse Cytometric Bead Array Flex Sets (BD) were used according to the manufacturer's instructions to determine the concentrations (pg/ml) of IL-6, TNF-␣, keratinocyte chemoattractant (KC), IL-1␤, IFN-␥, IL-17, and MCP-1/CCL2. IL-12p70 levels were quantified using a Ready-Set-Go! ELISA kit (eBioscience).
Isolation of lung cells. Mouse lungs were perfused with PBS and digested in Hanks buffered salt solution (HBSS) containing 80 U/ml DNase (Sigma; D4527) and 2 mg/ml collagenase D (Roche) for 30 min at 37°C. After digestion, the lungs were dissociated using a GentleMacs Tissue Dissociator (Miltenyi). Red blood cells were hypotonically lysed, and the remaining cells were filtered through a 70-m cell strainer (BD).
Flow cytometry. Dissociated lung cells (2 ϫ 10 6 to 4 ϫ 10 6 ) were resuspended in PBS, stained with Fixable Viability Dye eFluor 450 (A) Gender-and age-matched MyD88 Ϫ/Ϫ , Dectin-1 Ϫ/Ϫ , and IL-1R Ϫ/Ϫ mice and their respective wild-type counterparts (n ϭ 6 to 10) were infected intranasally with 1.8 ϫ 10
4 Histoplasma cells and monitored for survival. Differences in survival were determined using a log-rank test. (B and C) Lungs (B) and spleens (C) of infected MyD88 Ϫ/Ϫ and C57BL/6J mice were harvested, homogenized, and plated for CFU at the indicated time points (n ϭ 5 or 6 mice/time point for each strain; d, days). All results are representative of at least three independent experiments. *, P Ͻ 0.05; ***, P Ͻ 0.001; N.D., not detectable. P values were determined using ANOVA. Horizontal bars are means of analyzed samples.
(eBiosciences) for 20 min, and then washed and resuspended in PBS containing 1% heat-inactivated fetal bovine serum (FBS), 1 mM EDTA, 10 g/ml anti-CD16/32 (Fc block), and 0.1% sodium azide. The cells were stained for 30 min with appropriate antibodies, fixed in 1ϫ BD Stabilizing Fix, and stored at 4°C until analysis on an LSR II (BD). The antibodies used to identify macrophages, neutrophils, monocytes, and dendritic cells were as follows: peridinin chlorophyll protein (PerCp)-Cy5.5-CD11c, phycoerythrin (PE)-Cy7-CD11b, allophycocyanin (APC)-major histocompatibility complex class II (MHC-II), and PE-Cy7-Gr1 (eBiosciences); PE-SiglecF, PELy6G, and APC-Cy7-Ly6C (BD); and fluorescein isothiocyanate (FITC)-CD45.2 (UCSF). The antibodies used to identify T cells and NK cells were as follows: APC-CD4, PerCp-Cy5.5-CD8, PE-Cy7-CD69, and PE-CD69 (BD) and PerCp-Cy5.5-NK1.1, FITC-CD3ε, and APC-gamma delta T cell receptor (␥␦ TCR) (eBiosciences). Flow cytometry data were analyzed using FlowJo version 7.6.5.
Intracellular cytokine staining. Dissociated lung cells were prepared as described for the flow cytometry experiments, except that 1 l/ml BD GolgiPlug (brefeldin A) was added to all media until the cells were stained with antibodies. Extracellular staining proceeded as described above. After staining, samples were fixed in Cytofix/Cytoperm Buffer (BD) for 20 min and then stained with intracellular cytokine antibodies in 1ϫ Perm/ Wash buffer (BD) for 30 min and stored at 4°C until analysis. BV786 -IFN-␥ (BD) antibody was used to stain IFN-␥-producing cells.
BrdU staining. Mice were given 1 mg bromodeoxyuridine (BrdU) in 100 l PBS intraperitoneally (i.p.) on day 5 and again on day 6 postinfection (p.i.). Lungs and mediastinal lymph nodes from BrdU-treated mice were harvested 12 h after the last injection (day 7). Single-cell suspensions from total lung tissue and lymph nodes were stained for surface CD3, CD4, and CD8. The cells were fixed, processed, and stained for BrdU using the BrdU Flow Kit (BD Pharmingen) according to the manufacturer's protocol.
Generation of BMDCs. Bone-marrow-derived dendritic cells (BMDCs) were derived by culturing bone marrow freshly isolated from femurs of 6-to 8-week-old female mice in DC medium consisting of RPMI 1640 (Gibco), 2 mM glutaMAX (Life Technologies), penicillinstreptomycin, 50 M 2-mercaptoethanol (Sigma), 10 mM HEPES, 10% heat-inactivated FBS, 10 ng/ml recombinant GM-CSF (Peprotech), and 1 ng/ml recombinant IL-4 (Life Technologies). Nonadherent cells were harvested on day 6, and CD11c ϩ cells were purified using magnetic columns and anti-mouse CD11c microbeads (Miltenyi) according to the manufacturer's instructions. According to flow cytometry analysis, all samples were at least 90% CD11c ϩ cells. A total of 4 ϫ 10 5 cells/well were seeded into 24-well plates in DC medium and cultured 48 h before infection.
Isolation of alveolar macrophages. Alveolar macrophages were harvested by bronchiolar lavage of naive mouse lungs with 10 ml PBS containing 1 mM EDTA, and 5 ϫ 10 5 cells/well were plated in 24-well tissue culture plates in Dulbecco modified Eagle medium (DMEM) containing 20% heat-inactivated FBS, 2 mM glutaMAX, and penicillin-streptomycin. Nonadherent cells were removed from the wells via gentle washing with 1 ml DMEM before infection with Histoplasma.
Isolation of CD4 ؉ T cells. Spleens from mice infected with a sublethal dose (1 ϫ 10 4 cells) of wild-type Histoplasma (G217B-AC) were harvested 15 days postinfection and dissociated in HBSS using the GentleMacs Dissociator. Leukocytes were enriched via Lympholyte-M separation (Cedarlane), and B cells were depleted by incubating the cells on anti-IgM and anti-IgG antibody-coated plates for 2 h. Nonadherent cells were collected, and T cells were purified by negative selection using a mouse Pan-T Cell Isolation Kit (Miltenyi). CD4 ϩ T cells were then isolated by positive selection using anti-mouse CD4 microbeads (Miltenyi).
BMDC-T cell cocultures. BMDCs were seeded in 96-well plates at a density of 3 ϫ 10 4 cells/well and infected with wild-type Histoplasma (G217B-AC) at a multiplicity of infection (MOI) of 1. Immediately after infection with Histoplasma, 1 ϫ 10 5 purified CD4 ϩ T cells were added to the coculture. At various time points postinfection, the medium was removed from each well and 200 l of double-distilled H 2 O (ddH 2 O) was added. The cells were mechanically lysed by vigorous pipetting after a 5-min incubation at room temperature. The cell lysate was diluted in PBS, plated on HMM agarose, and grown for 10 days at 37°C to enumerate CFU.
Isolation of CD11c
؉ cells from lungs. Dissociated lung cells were incubated with anti-mouse CD11c microbeads and purified by magnetic separation on a MACS column (Miltenyi) according to the manufacturer's instructions. The purity of lung cell isolates was determined by flow cytometry using the antibodies described above. All samples were at least 90% CD11c ϩ cells.
RNA isolation and qRT-PCR. Immediately after CD11c
ϩ purification, cells were lysed with Qiazol (Qiagen), flash-frozen in liquid nitrogen, and stored at Ϫ80°C. RNA was harvested using a Purelink RNA minikit (Life Technologies) following the manufacturer's instructions for TRIzol Ϫ/Ϫ and C57BL/6J mice were harvested, homogenized, and evaluated for cytokine levels at the indicated time points. *, P Ͻ 0.05; ***, P Ͻ 0.001; P values were determined by ANOVA. All the results are representative of at least three independent experiments. The bars represent means Ϯ standard deviations (SD) for 5 mice.
reagent-based purification of RNA. cDNA was synthesized using Superscript II (Life Technologies) and a 1:1 mixture of oligo(dT) and random primers. The reaction mixture was diluted 1:50 in ddH 2 O prior to analysis by quantitative reverse transcription (qRT)-PCR, which was performed using SYBR green Universal master mix (Roche) and 200 nM primers on an Mx3000P QPCR system (Stratagene). The relative expression (⌬C T ) compared to an endogenous control, hypoxanthine-guanine phosphoribosyltransferase (HPRT), was determined. Primer sequences were obtained from the Harvard Primer Bank database (http://pga.mgh.harvard .edu/primerbank/index.html) (26) (27) (28) . The primer identifiers (IDs) are as follows: HPRT, 7305155a1; IL-1␤, 118130747b1; IL-6, 13624310b2; TNF-␣, 133892368b2; and KC, 6680109a1.
Statistical analysis. Statistical analysis for experiments was performed using Prism (GraphPad Software, San Diego, CA). Analysis of variance (ANOVA) with Tukey's posttest was used to analyze the significance of cytokine expression and flow cytometry experiments. The log rank sum test was used to analyze survival. Statistically significant differences were indicated by P values of Ͻ0.05.
RESULTS

MyD88
؊/؊ mice are more susceptible to Histoplasma infection than Dectin-1 ؊/؊ or IL-1R ؊/؊ mice. MyD88 is a critical downstream mediator of key innate signaling pathways, including TLR signaling, but the requirement for MyD88-dependent signaling in the host response to Histoplasma has not been explored. To determine the role of MyD88-dependent signaling in the immune response during respiratory Histoplasma infection, whole-body MyD88-deficient (MyD88 Ϫ/Ϫ ) and wild-type mice were inoculated intranasally with a sublethal dose of Histoplasma. The mice were monitored daily for symptoms of infection, which included weight loss and signs of respiratory distress. All the mice began to show symptoms of infection by day 6. Wild-type mice were able to resolve Histoplasma infection and recovered within 14 to 16 days; however, MyD88 Ϫ/Ϫ mice experienced progressively worsening symptoms during this time and ultimately succumbed to disease 14 to 20 days after infection (Fig. 1A) . MyD88 is required for TLR, IL-18, and IL-1 signaling; the last is already known to contribute to host protection against Histoplasma (17) . However, we found that MyD88 Ϫ/Ϫ mice were significantly more susceptible to Histoplasma infection than IL-1R Ϫ/Ϫ mice (Fig. 1A) , implying that deficient TLR and/or IL-18 signaling could contribute to the increased sensitivity of the MyD88 Ϫ/Ϫ mutant. Additionally, we All results are representative of at least three independent experiments. **, P Ͻ 0.01; ***, P Ͻ 0.001; P values were determined using ANOVA. compared the sensitivity of MyD88 Ϫ/Ϫ mice to that of mice lacking the pattern recognition receptor Dectin-1, which can recognize Histoplasma in vitro (18, (29) (30) (31) (32) . Recently, Dectin-1 Ϫ/Ϫ mice have been reported to have a higher pulmonary fungal burden than wild-type mice during Histoplasma infection (18) . In our infection model, we found that Dectin-1, unlike MyD88, was dispensable for host survival (Fig. 1A) . Overall, these results indicate that MyD88 is required for host survival and suggest that other receptor signaling pathways upstream of MyD88, such as TLR and/or IL-18 signaling, may also be critical for host recognition of and response to Histoplasma.
To further investigate how MyD88 signaling affects the progression of disease, we determined the fungal burdens in the lungs and spleens of infected mice at 3, 5, 7, and 15 days p.i. In wild-type mice, fungal growth in the lungs peaked at day 7 and then declined as the mice recovered (Fig. 1B) . In contrast, the fungal burden in the lungs of MyD88 Ϫ/Ϫ mice was significantly higher than in wild-type mice at 7 days p.i. (Fig. 1B) and continued to increase until the time of death. We also determined that the fungal burden in the spleen was significantly higher in MyD88 Ϫ/Ϫ animals than in wild-type mice at 15 days p.i. (Fig. 1C) . By this time point, the MyD88 Ϫ/Ϫ animals displayed disease symptoms, such as inactivity, hunching, panting, and weight loss (data not shown), and succumbed to infection. Collectively, these results demonstrate that MyD88 is required for responding to and resolving Histoplasma infection.
MyD88 is required for the early innate immune response to Histoplasma. To determine the role of MyD88 in the immune response to Histoplasma, we next investigated cytokine production in the lungs of infected mice during the first 7 days of infection. Analysis of cytokines harvested from infected lungs revealed that MyD88 Ϫ/Ϫ mice did not produce normal levels of the inflammatory cytokines IL-6, IL-1␤, CCL2, and KC at 5 days p.i. (Fig. 2) , despite displaying a fungal burden equivalent to that of wild-type mice. Additionally, at 5 days p.i., we also observed that MyD88 Ϫ/Ϫ mice produced lower levels of IL-12p70, a key cytokine in the initiation of the Th1 response. Notably, not all early cytokine production required MyD88-dependent signaling, as TNF-␣ levels were unaffected by MyD88 deficiency during infection (3 and 5 days p.i.). Interestingly, by 7 days p.i., cytokine levels were higher in MyD88 Ϫ/Ϫ mouse lungs than in wild-type mouse lungs, correlating with the significant increase in fungal burden in the mice at this time point.
Since MyD88 Ϫ/Ϫ mice were deficient in the production of cytokines known to recruit monocytes and neutrophils, such as CCL2 and KC, we next investigated the recruitment of inflammatory cells to the lungs of MyD88 Ϫ/Ϫ mice. Flow cytometry analysis of single-cell suspensions from the lung revealed a significant block in the overall recruitment of CD45 ϩ inflammatory cells to MyD88 Ϫ/Ϫ lungs by 7 days p.i. (Fig. 3A and B) . In particular, we found that MyD88 Ϫ/Ϫ mice displayed a decrease in the numbers of recruited inflammatory neutrophils and dendritic cells by 5 days p.i. and a significant decrease in the numbers of monocytes and alveolar macrophages by 7 days p.i. (Fig. 3C to F) . A similar recruitment defect was observed in IL-1R Ϫ/Ϫ mice 5 days postinfection, demonstrating that recruitment is at least partially mediated by IL-1 signaling (see Fig. S1 in the supplemental material). Thus, MyD88-dependent signaling is required for cytokine production early in infection and for the subsequent recruitment of inflammatory cells known to be important for the host response to and control of Histoplasma infection.
MyD88 deficiency results in delayed activation of T and NK cells. A robust adaptive T cell response is critical to resolution of
Histoplasma infection (13, 33, 34) . Since the production of key regulators of the Th1 and Th17 response, namely, IL-12, IL-1␤, and IL-6, by MyD88 Ϫ/Ϫ mice was delayed, we asked if an impaired T cell response might underlie their survival defect. First, we examined the levels of the cytokines IFN-␥ and IL-17A, which are produced by activated NK cells, ␥␦ TCR ϩ cells, and CD4 ϩ and CD8 ϩ T cells (35, 36) . Whereas wild-type mice consistently produced high levels of these cytokines during Histoplasma infection, MyD88 Ϫ/Ϫ mice failed to do so; IFN-␥ and IL-17A remained low throughout the course of infection (Fig. 4A) . Next, we examined NK and T cell numbers in the lung during infection, as well as the expression of CD69, an early marker of activation (37) . The lungs of infected WT and MyD88 Ϫ/Ϫ mice contained roughly equivalent numbers of these cells (with the exception of ␥␦ TCR ϩ cells at day 7, which were more numerous in wild-type mice). In contrast, CD69 expression was significantly decreased for ␥␦ TCR ϩ cells (Fig. 4B ), NK cells (Fig. 4C) , and CD8 ϩ T cells (Fig. 4D ) at both day 5 and day 7 in MyD88 Ϫ/Ϫ mice compared to wild-type controls, indicating a defect in activation of these cells. Similarly, CD69 expression in CD4 ϩ T cells was decreased in MyD88 Ϫ/Ϫ lungs at 7 days p.i. (Fig. 4E ; see Fig. S2 in the supplemental material). In addition, we found that that while no difference in T-cell proliferation was observed in the lungs at 7 days p.i., there was a significant decrease in T cell proliferation in the mediastinal lymph nodes, as measured by BrdU incorporation (Fig. 5A) . Importantly, ␥␦ TCR ϩ cells, NK cells, CD8 ϩ T cells, and CD4
ϩ T cells are all major sources of IFN-␥, which is required for activation of macrophages and control of intracellular fungal growth (36, 38) . We found that the percentage of IFN-␥-producing cells was significantly decreased in MyD88-deficient mice for ␥␦ TCR ϩ cells, NK cells, and CD4 ϩ T cells ( Fig. 5B and C) . Thus, MyD88 is required for the activation of both innate and adaptive immune cells to produce IFN-␥, a cytokine critical for control of fungal growth and resolution of Histoplasma infection (8, 9, 11) .
MyD88 mediates intrinsic responses of alveolar macrophages and dendritic cells in vitro.
During pulmonary infection, Histoplasma is found primarily in resident innate immune cells, including macrophages and dendritic cells (39) . We hypothesized that MyD88 would be required intrinsically for these innate immune cells to recognize and respond to Histoplasma. To test this, we first evaluated the abilities of MyD88-deficient BMDCs (Fig. 6A) and freshly isolated alveolar macrophages (Fig. 6B ) to respond to Histoplasma infection in vitro. We found a substantial delay in the production of inflammatory cytokines at 48 h postinfection for both cell types, suggesting that MyD88 is intrinsically required for the innate immune response to Histoplasma. In contrast, IL-1R Ϫ/Ϫ BMDCs were fully competent for cytokine production in response to Histoplasma infection (see Fig. S3 in the supplemental material), indicating that the cytokine defect we observed in the MyD88 Ϫ/Ϫ mutant is not solely due to a failure in IL-1 signaling. We then used a coculture model of Histoplasma-infected BMDCs and T cells to determine if MyD88 deficiency affected the interaction between these cell types (40) . We first infected WT and
MyD88
Ϫ/Ϫ BMDCs with Histoplasma and monitored intracellular fungal growth by lysing host cells at multiple time points over the course of infection and enumerating intracellular yeasts by plating. We observed equivalent fungal growth in WT and MyD88 Ϫ/Ϫ BMDCs when cultured in the absence of T cells (see Fig. S4 in the supplemental material) . However, when we cultured infected BMDCs with CD4 ϩ T cells purified from the spleens of infected wild-type mice, we observed that wild-type BMDCs showed greater restriction of fungal growth than MyD88 Ϫ/Ϫ BMDCs (Fig. 6C ). These data indicate that MyD88 signaling contributes to the response of infected BMDCs to primed T cells.
MyD88 is required for the normal response of dendritic cells to Histoplasma in vivo. To extend our in vitro observations to in vivo infections, we purified CD11c ϩ cells (consisting of alveolar macrophages and dendritic cells) from the lungs of infected WT and MyD88
Ϫ/Ϫ mice. Transcriptional analysis of these cells revealed a requirement for MyD88 in cytokine production as early as 3 days p.i. (Fig. 7A) . To determine the relative contribution of MyD88 signaling in these immune cells to the overall host response, we utilized mice carrying a floxed MyD88 allele (MyD88 fl/fl ) and expressing a cell-specific Cre recombinase to delete MyD88 specifically in dendritic cells and alveolar macrophages (CD11c-MyD88) or in macrophages and neutrophils (LysM-MyD88) (24) . As we found with global deletion of MyD88, alveolar CD11c ϩ cells (alveolar macrophages and lung dendritic cells) from infected CD11c-MyD88 mice were deficient in the early transcription of key cytokines during Histoplasma infection (Fig. 7B) . Surprisingly, however, CD11c-MyD88 and LysM-MyD88 mice did not display any significant defects in survival or control of fungal growth upon infection with a sublethal dose of Histoplasma (Fig.  8A and B) , nor did they demonstrate a robust in vivo cytokine deficiency, as observed upon global deletion of MyD88 in mice ( Fig. 8C and D) . These data suggest that MyD88 signaling in other hematopoietic cell types can compensate for the defect in alveolar macrophages and dendritic cells. This hypothesis is consistent with the observation that Vav-MyD88 mice, which are MyD88 deficient in all hematopoietic cells, displayed a significant survival defect when infected with a sublethal dose of Histoplasma (Fig.  8E) . In sum, MyD88 is required intrinsically in both dendritic cells and alveolar macrophages for their normal response to Histoplasma infection, but defects in these cell populations alone are insufficient to fully recapitulate the effects of global MyD88 deficiency. These data imply a role for MyD88-dependent signaling in additional hematopoietic cells during Histoplasma infection.
DISCUSSION
In this study, we demonstrate that MyD88 signaling is a crucial component in the defense against Histoplasma. Using MyD88 Ϫ/Ϫ mice, we showed that MyD88 is required for control of the fungal burden in both the lung and spleen and demonstrated that MyD88 Ϫ/Ϫ mice fail to resolve infection by Histoplasma, instead succumbing to disseminated disease. During early infection of the lung, MyD88
Ϫ/Ϫ mice fail to produce inflammatory cytokines, including CCL2 and IL-1␤, that are known to trigger critical events for controlling Histoplasma infection, such as the recruitment and activation of neutrophils and monocytes (16, 17) . This early innate immune response appears to be partly mediated by a cell-intrinsic requirement for MyD88 in the recognition of and response to infection with Histoplasma by alveolar macrophages and dendritic cells. Upon detailed analysis of dendritic cell responses in vitro, we found that MyD88 signaling contributes to cytokine production and control of intracellular fungal growth. In addition to early cytokine responses and recruitment of inflammatory cells, other key events during the host response to Histoplasma infection include an increase in CD4 ϩ T cell activation and IFN-␥/IL-17 production. Recruitment of inflammatory cells to the site of infection is associated with control of fungal growth, and production of IFN-␥/IL-17 is necessary for the restriction of Histoplasma growth by activated macrophages (11, 16, 41) . In the MyD88 Ϫ/Ϫ mouse, production of the cytokines involved in inducing both a Th1 and a Th17 response is delayed. Despite a higher fungal burden in the MyD88 Ϫ/Ϫ mouse, the Th1 response is muted, as IFN-␥ production by both innate (␥␦ TCR ϩ and NK cells) and adaptive (CD4 ϩ T cells) cells is decreased, indicating that MyD88-dependent pathways contribute to these responses.
The requirements for MyD88 vary widely for different fungal pathogens in murine infection models. MyD88 is required for host survival, inflammatory cytokine production, and T cell activation during infection with Candida, Cryptococcus, and Paracoccidioides (42) (43) (44) (45) . In contrast, during respiratory infection with Aspergillus, MyD88 is important for production of TNF-␣ and early pulmonary responses but is required for survival only if the host is immunosuppressed (21, 44) . Importantly, multiple studies have demonstrated a requirement for MyD88 in directing T cell responses to fungal pathogens, which is critical, since a robust Th1 and Th17 response is often important to achieve a productive resolution to fungal infection. Indeed, while MyD88 plays only a moderate role in the recruitment and proliferation of T cells dur- ing infection with A. fumigatus, it is critical for full IFN-␥ production by these cells (46) . Interestingly, in this context, MyD88 does not seem to be intrinsically required within T cells, but rather is important for the ability of resident lung cells, such as dendritic cells, to influence the T cell response. Correspondingly, MyD88 has been shown to mediate both T cell-dependent IFN-␥ production and the T cell-dendritic cell interaction during infection with C. albicans (21) . Here, we show that MyD88 signaling is important for both T cell activation and dendritic cell cytokine production during Histoplasma infection, suggesting that during MyD88 deficiency, the interaction between these two cell types may be impaired. In line with this, we show that the ability of infected dendritic cells to restrict fungal growth when cocultured with primed T cells is MyD88 dependent. However, the precise molecular mechanisms that drive this interaction remain unknown. Accordingly, future studies to clarify the role of MyD88 during the T cell response to Histoplasma may indicate that MyD88 signaling in dendritic cells is an important mediator of T cell activation.
Numerous dendritic cell responses were MyD88 dependent in our infection models, including optimal growth restriction of Histoplasma and timely cytokine responses. Studies have shown that dendritic cells are activated in response to pathogen infection, both directly through pathogen-associated molecular pattern (PAMP) recognition and indirectly through exposure to the cytokine milieu (47) . Both recognition of PAMPs and exposure to cytokines, such as TNF-␣, IFN-␥, and IFN-␣/␤, increases the upregulation of T cell activation ligands, such as MHC-II and CD86; the production of inflammatory cytokines; and the processes involved in the control of pathogen growth, such as the production of reactive oxygen and nitrogen species (48) (49) (50) . The delayed cytokine production and increased fungal growth we see in MyD88
Ϫ/Ϫ dendritic cells may be a reflection of a failure to rec- ognize Histoplasma. Alternatively, MyD88
Ϫ/Ϫ dendritic cells may fail to respond appropriately to the cytokine milieu created by primed T cells, thus causing defects in dendritic cell maturation, activation, and fungal killing.
The ability of the host to mount an appropriate immune response to Histoplasma depends on its capacity to recognize and respond to the pathogen; however, the panel of immune receptors responsible for the initiation of this response to Histoplasma in vivo is still being uncovered. Indeed, the plethora of pattern recognition receptors and downstream signaling pathways engaged by distinct fungal organisms is an area of active inquiry (51, 52) . Recent work has demonstrated the importance of C-type lectin receptors in vaccine immunity, as well as primary immune responses to Histoplasma and other, related fungi (18) . The contribution of Tolllike receptors in the primary in vivo host response to Histoplasma, however, has not been elucidated, and by uncovering the role of MyD88, our work suggests that TLR signaling could play a key role in the corresponding host response. Importantly, MyD88 is also a mediator of IL-1 and IL-18 cytokine receptor signaling. Previous work has demonstrated that IL-1R deficiency resulted in an increase in host susceptibility to Histoplasma, as well as a deficiency in IFN-␥ production in the lungs of infected mice at later time points (17) , similar to the MyD88 Ϫ/Ϫ results presented here. However, we found that IL-1R Ϫ/Ϫ mice display no defects in overall host survival when infected with a dose of Histoplasma that was lethal to MyD88 Ϫ/Ϫ mice. Interestingly, the IL-1R Ϫ/Ϫ mouse did display a defect in cell recruitment to the lungs similar to that of the MyD88 Ϫ/Ϫ mouse, suggesting that impaired cellular recruitment by itself is not sufficient to decrease host survival. These results demonstrate that IL-1 signaling alone cannot explain the defects we observe during MyD88 deficiency and thus suggest that TLR recognition and/or IL-18 signaling is also important for the host immune response. In several pathogen infection models, single TLR deficiencies are frequently not sufficient to produce a measurable difference in immune response, as the effects of recognition by individual TLRs are redundant. Future studies to determine the contribution of TLR recognition to Histoplasma in vivo may require the investigation of the response in mice containing multiple TLR knockouts, such as mice lacking TLR2, -4, and -9 (53). Alternatively, since IL-18, in cooperation with IL-12, is known to induce a strong IFN-␥ response from T cells, it may be that the reduced ability of MyD88 Ϫ/Ϫ mice to produce IFN-␥ reflects a failure of MyD88-dependent IL-18 signaling (54, 55) .
A critical point to emerge from these experiments is the discovery that the requirement for MyD88 signaling in the response to Histoplasma was not confined to narrow immune cell subsets. Our work is in contrast to studies of infection responses to other pathogens, where the use of in vivo cell-specific deletion of MyD88 has elucidated the roles of distinct cell types in the host response. For example, during Toxoplasma infection, deletion of MyD88 only in the CD11c ϩ cell compartment (alveolar macrophages and dendritic cells) leads to a defect in IL-12 production and an increased susceptibility to infection (25) . Since Histoplasma interacts primarily with phagocytic cell populations in the lung, we expected that deletion of MyD88 signaling in these specific cell types would recapitulate the phenotype we observed in the global MyD88 knockout mouse. In vitro, this was indeed the case, with both alveolar macrophages and dendritic cells showing delayed cytokine production after infection with Histoplasma. Surprisingly, whereas deletion of MyD88 in the entire hematopoietic compartment caused a significant decrease in host survival, specific deletion of MyD88 in either (i) alveolar macrophages and dendritic cells or (ii) macrophages and neutrophils failed to affect survival or the fungal burden in vivo. These data suggest that intact MyD88 signaling in either of these two subsets may be sufficient for host protection. Alternatively, MyD88 may contribute to host protection through other immune cell types, such as T cells, and future studies will be required to elucidate the role of MyD88 signaling in additional hematopoietic cell types. Collectively, these results highlight the multifaceted roles of MyD88 in the host response to Histoplasma infection and underscore the multiple strategies used by mammalian hosts to combat the ability of a primary fungal pathogen to cause disease.
